A deterministic algorithm and a Kalman filter for gyroless spacecraft are used independently to estimate the three-axis attitude and rates of rapidly spinning spacecraft using only magnetometer data. In-flight data from the Wide-Field Infrared Explorer (WIRE) during its tumble, and the Fast Auroral Snapshot Explorer (FAST) during its nominal mission rood8 are used to
INTRODUCTION

AND OB_IECTIVE
We have demonstrated earlier that two algorithmsDeterministic Attitude Determination from estimate the three-axis attitude and rates of spacecraft using only three-axis magnetometer (TAM) data in spite of no a priori knowledge of the spacecraft state.
Our past studies have included spacecraft such as the Solar, Anomalous, and Magnetospheric Particle Explorer (SAMPEX), the Earth Radiation Budget Satellite (ERBS), the Rossi X-ray Timing Explorer
(RXTE).
In particular, we have shown that: SAMPEX requirements can be met 6"7'9 in both nominal and safehold modes if the Sun sensor fails, and that the ERBS attitude and rates could be successfully estimated t°during its 1987 control anomaly 1-"when [t tumbled at about 2 degrees second (deJsec) resulting in the TAM being the only functional attitude sensor. The accuracies obtained in such work are 0.5 -2.0 deg in attitude, and 0.002 -0.01 deffsec in rates. Thus we had shown that a single TAM can be a surprising@ effective low-cost attitude-and-rate sensor.
A feature of our past studies has been the relatively low spacecraft spin rate: 1 rotation per orbit (0.06 deJsec)
during SAMPEX and ERBS nominal modes, and about 2 deffsec during the ERBS tumble.
The present study aims to evaluate the TAM-only performance of the above algorithms in an important alternate scenario: when the rates are high, of the order of tens ofdeg/sec.
A successful outcome would allow two important capabilities in spacecraft guidance for three-axis stabilized and spin stabilized spacecraft:
* an early warninJrecovery system for spacecraft tumbles
• a magnetometer-only attitude determination system for cheaper spacecraft
The present study uses high-rate in-flight data from the following two scenarios: in the body frame which is much larger than that in GCI. Thus, (l) reduces to:
does not contain the attitude matrix. Thus DARDMOD can be used only for computing _ when the rates are high.
Consider now the triad
One can easily verify that the rate component, 
For spinning spacecraft one can avoid the problems caused by the high rate of change of B in the body frame compared with its change in GCI by rotating the TAM measurements back with a spin (5 0 . The spin rate can be directly determined from TAM measurements by analyzing the change in the phase angle of the projection of the measured field on the plane perpendicular to the spin axis.
Assuming that the spacecraft spins in the positive direction around the body axis z, the rotated magnetic field can be represented as:
where
with the matrix A3(_) given by Eq. (12-6a) in Ref. 15 . The equations for the first and second derivatives of the geomagnetic field in the rotating reference frame formally look similar to those in the body frame, with the only difference that the angular acceleration vector _'(t) relative to the rotating frame is related to the angular velocity vector sought for, _'(t), via:
In (8) The WIRE instrument's telescope cover was ejected prematurely soon after release from the launch vehicle because of an incorrectly designed electronics box t'_.
This led to the rapid and total venting of the frozen hydrogen used to cool the telescope, and thereby to the loss of the scientific mission. In addition, the venting produced a thrust that threw the spacecraft into a tumble. The rates increased continuously, and eventually stabilized at 360 deJsec after the cryogen was fully vented.
The WIRE tumble began after only one orbit, at which point spacecraft attitude could be computed only from the DSS and TAM measurements input to the singleframe algorithm known as QUEST 19. Since the gyros
were not yet powered on, the onset of the tumble could be recognized only by examining the computed _, i.
e.. rates computed by numerically differentiating the QUEST attitude history. These single-frame rates are sho,,n in Figure 1 Fig. 5a and 5b ( except the one at the very beginning of therun)happen withinthecoplanarity regions. A more accurate match couldbedone by directly evaluating thediscriminant foreach pointand flagging thepointif thediscriminant istoosmall. Fig.6 depicts therightascension, declination, and spinning rate computed using the second root. Only points with angular momentum residuals smaller than standard deviations for each of the GCI axes are kept in the figure, which resulted in some gaps in the data.
Disregarding
spikes within the coplanarity regions, both right ascension and declination vary only within a few degees, which is near the edge of the DARDMOD potential.
As seen from Fig. 6c, 
TAM-Only Results Using Simulated Data
The solution to resolving the ambiguity in rate determination is simple: downlink TAM measurements as frequently as possible, say every 0.5 sec. To illustrate this, simulated FAST data were generated with the following characteristics:
• TAM data every 0.5 sec • RA = 12.7 deg, DEC = -10.9 deg
The simulated data were input to the filter and the results are shown in Fig. 8 , where we see that the filter easily converges to within 0.006 deg of the true spinaxis attitude and to within 0.006 deffsec of the true spin rate. This clearly illustrates the importance of accurate data when working with rapidly spinning spacecraft. (Note that, on most spacecraft, it is possible to telemeter data every 0.125 sec. Also, the times of the TAM measurements can usually be resolved to within 0.01 sec.)
CONCLUSIONS
We find see that both RTSF and DARDMOD yield excellent rate estimates during the WIRE tumble even when the rate magnitudes were nearly 60 deJsec.
Notable features are: ( 1) the filter's rapid convergence to the truth (within 500 see), and (2) success of the recently developed DARDMOD high-rate theory.
Note that the Sun sensors were active during the WIRE tumble, and. in conjunction with the TAM, pro',ided the true attitude and rates used in this study. Hov, ever, it is 12.
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